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We report a comprehensive study involving the ion beam oxygen etching purification mechanism of
domelike carbon nanostructures containing nitrogen. The CNx nanodomes were prepared on Si
substrate containing nanometric nickel islands catalyzed by ion beam sputtering of a carbon target
and assisting the deposition by a second nitrogen ion gun. After preparation, the samples were
irradiated in situ by a low energy ion beam oxygen source and its effects on the nanostructures were
studied by x-ray photoelectron spectroscopy in an attached ultrahigh vacuum chamber, i.e., without
atmospheric contamination. The influence of the etching process on the morphology of the samples
and structures was studied by atomic force microscopy and field emission gun–secondary electron
microscopy, respectively. Also, the nanodomes were observed by high resolution transmission
electron microscopy. The oxygen atoms preferentially bond to carbon atoms by forming terminal
carbonyl groups in the most reactive parts of the nanostructures. After the irradiation, the remaining
nanostructures are grouped around two well-defined size distributions. Subsequent annealing
eliminates volatile oxygen compounds retained at the surface. The oxygen ions mainly react with
nitrogen atoms located in pyridinelike structures. © 2008 American Institute of Physics.
DOI: 10.1063/1.2948941
I. INTRODUCTION
The discovery of different allotropic forms of carbon has
opened new applications of this versatile element.1–3 Among
the variety of studied carbon nanostructures, nanotubes
NTs, nano-onions, and nanodomes NDs are of interest for
applications such as field emitting devices.4,5 The electronic
properties of these structures can be doped to control photo-
emission properties. Indeed, nitrogen incorporation is ex-
pected to change the electronic properties of the material by
acting as a donor impurity when incorporated into a graphi-
ticlike structure.4,6 Nevertheless, the undesirable amorphous
compounds and defects introduced by nitrogen in the synthe-
sis process degrade the morphology behavior of the
nanostructures.7 Therefore, in order to improve their proper-
ties, a later treatment is normally employed, such as oxygen
purification. In standard procedures applied to NTs, amor-
phous carbon phases a-C present in the raw material are
eliminated by oxidation in air or pure oxygen at 750 °C.8–10
The purifications take place because, thermodynamically, the
organized structures such as fullerenes, NDs, NTs, nano-
onions, and nanohorns containing graphitic planes are more
stable than a-C and defective structures.11,12 In spite of the
broadly used oxygen etching purification process, the mecha-
nisms leading to a purer material are not fully understood.
Consequently, the study of the microscopic mechanisms in-
volved in oxygen ion beam irradiation of CNx nanostructures
could lead to improving the understanding of the process and
controlling the final morphology and electronic properties of
the material.13,14 This is so because the ion energy, beam
composition, and oxygen doses are accurately controlled in
broad ion beam sources Kaufman cells.15
In this paper we report a comprehensive study of the ion
oxygen chemical etching mechanisms occurring in CNX NDs
obtained by ion beam assisted deposition IBAD. The evo-
lution of the physical-chemical properties of the nanostruc-
tures after in situ oxygen ion beam irradiation was studied by
x-ray photoelectron spectroscopy XPS in a ultra high
vacuum UHV chamber attached to the deposition
chamber.16 Afterward, ex situ atomic force microscopy
AFM, field emission gun–scanning electron microscopy
FEG-SEM, and high resolution transmission electron mi-
croscopy HRTEM were performed in order to study
changes in the morphological and structural characteristics of
the material.
II. EXPERIMENTAL
The CNx NDs were prepared by IBAD on nickel islands
previously deposited on Si 100 p-doped 15  /cm2 mir-
ror polished substrates 1010 mm2, 1 mm thick. Details
of the deposition chamber are reported elsewhere.15 A SiO2
layer of 600 nm was grown before the nickel deposition by
wet oxidation at 1050 °C on the Si wafers to act as a barrier
to prevent the formation of nickel silicide. The nickel islands
1–5 nm size were grown on the substrates by in situ
sputtering of a Ni 99.9995% target and subsequent 3 min
annealing. The annealing treatment induces the nickel par-
ticles to coalesce into tiny dots islands. Details of the Ni
island preparation were reported elsewhere.17 The CNx nano-
structures were deposited by sputtering a high purity graphite
99.9995% target Ar+, 1450 eV, and 13 mA /cm2. Simul-aElectronic mail: alvarez@ifi.unicamp.br.
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taneously, a nitrogen beam assists the growth 8 eV,
0.2 mA /cm2. The substrate temperature during the nano-
structure growth was maintained at 650 °C for the whole
process, i.e., from the nickel deposition to CNx formation.
The chamber base pressure was 810−7 Pa, and the depo-
sition pressure maintained at 310−4 Pa for the nickel and
the CNx films deposition.
An oxygen ion beam from a direct current Kaufman
source, 3 cm diameter, was employed to perform in situ the
room temperature purification of the CNx nanostructures,
employing different oxidation times. The nominal oxygen
ion energy and current-density beam were fixed at 10 eV and
4.2 mA /cm2, respectively. In order to eliminate volatile
compounds, samples were heated at 400 °C for 10 min.
First, the samples were analyzed by XPS before and af-
ter the oxygen etching, without any annealing treatment. The
XPS spectra were obtained using the Al K line 1486.6 eV
and a VG-CLAMP-2 electron cylindrical analyzer.15 The to-
tal apparatus resolution was mainly due to x-ray linewidth
0.85 eV. The relative atomic composition on the sample
surfaces was determined by the standard procedure of inte-
grating the corresponding core level peak elements, properly
weighted by the photoemission cross section.18 The inelastic
scattering spectra backgrounds were subtracted using Shirl-
ey’s method.19 The spectra were deconvoluted by a standard
multiples 50%–50% Gaussian–Lorentzian peak fitting proce-
dure. For further characterization of the nanostructures after
annealing, AFM Topometrix TMX 2000 SPM, SEM-FEG
JEOL JSM6330F, and cross section HRTEM JEOL JEM-
3010 URP measurements with a LaB6 emission gun operat-
ing at 300 keV were performed.
III. RESULTS
A. Morphological and structural results
In previous works we have reported the deposition of
carbon nanostructures coating nickel particles
“domes”.16,17,20 Figure 1 shows a typical image obtained by
HRTEM of similar structures to those that were studied in
this paper. Figure 1 shows the micrograph of a typical irra-
diated sample. Figure 2 shows the FEG-SEM images of a
typical CNx deposited sample obtained in the secondary elec-
tron mode, before top and after oxygen etching bottom.
The two pictures were obtained in similar conditions. From
Fig. 2 top, it was possible to determine that the particles
sizes span from 40 to 150 nm. The poor contrast in this
picture indicates low peak-valley ratio and quite uniform ma-
terial. In comparison, 90 s oxidation irradiation notably in-
creases contrast, suggesting larger peak-valley ratio and dif-
ferent material covering the particles and the valleys Fig. 2,
bottom.
The oxygen irradiation effect on the sample topology is
well observed by AFM measurements Fig. 3. The pictures
clearly display the peak-valley ratio enhancement on oxygen
time irradiation. Due to the presence of amorphous carbon,
nonpurified samples present smoother surfaces. On the con-
trary, after oxygen etching the roughness of the samples in-
creases from 3.9 to 5.2 nm rms since the amorphous ma-
terial occupying the sites between Ni islands is in part
eliminated.
B. XPS results
For the x-ray photon energy used in the experiments
reported in this paper, an 50 Å material depth is probed by
the photoemitted electrons.18 Therefore, XPS is a good tool
to quantify oxygen etching effect on the material surface. As
remarked above, the annealing effects eliminate the volatile
oxygen compounds obtained after the irradiation procedure.
Therefore, we shall proceed to discuss the results obtained in
the irradiated samples before and after annealing.
Figure 4 shows the atomic content of C, N, and O as a
function of the oxidation time, before and after annealing
process. The decreasing increasing carbon oxygen as a
function of the oxidation time indicates the formation of sur-
face oxide compounds. On the other hand, the nitrogen con-
tent maintains a quite constant value of 3.1 at. %, suggest-
ing that oxygen is weakly interacting with nitrogen. Figures
5a–5c show the binding energy BE bands associated
with the C 1s, N 1s, and O 1s core level electrons before and
after the thermal annealing of a typical sample, oxygen irra-
diated for 90 s. Before the annealing process the effects of
the oxygen on the structures are the following: 1 the C 1s
and N 1s bands shift to higher binding energies; 2 the O 1s
band increases its intensity with a remarkable contribution at
531.6 eV on higher oxidation doses.
After the annealing, the linewidth of the band associated
with the electron C 1s is narrower Fig. 5a. On the other
hand, the N 1s and O 1s bands show two well-defined peaks,
indicating that the annealing process enhances two preferen-
tial environments for the N atoms see Figs. 5b and 5c.
FIG. 1. Cross section HRTEM image of a typical nickel particle covered by
graphene planes after oxygen radiation 52 s of ion oxygen etching.
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IV. DISCUSSION
A. Morphological and structural characteristics
As remarked in Sec. III A, the AFM pictures shows that
the peak-valley ratio increases on oxygen irradiation, indicat-
ing that defective amorphous carbon phases are being re-
moved. The aspect of the domes is also increased, as ob-
served in Fig. 3 for increasing oxidation times.
Figure 6 shows the top view size distribution of four
representative samples series obtained from FEG-SEM im-
ages at different oxidation times. The histogram analysis
shows that the left side of the distribution diminishes on
oxygen irradiation. Indeed, after 52 s oxidation a quite well-
defined two-size distribution increases centered at 80 and
130 nm, respectively. Further irradiation increases the
peak-valley ratio helping to resolve quite well the dome dis-
tribution. The sharper structures observed by AFM images
reinforce these results since after even short irradiation
times, a much better definition of the NDs is observed Fig.
3.
In order to quantify the effect of the oxidation-time irra-
diation on the ND sizes, the experimental histograms were
deconvoluted. The procedure confirms that two components
are enough to obtain a very good fitting in all the studied
samples. As an example, Fig. 7 inset shows the fitting for
the pristine sample. Figure 7 shows the evolution of the two
components’ separation distance as a function of the irradia-
tion time.
Therefore, one can conclude that the oxidation process
specifically attacks the most reactive parts of the dome struc-
tures creating two different types of domes. Indeed, a non-
specific oxidation process the same chemical reactivity
should yield a unique size dome distribution.
FIG. 2. FEG-SEM images of the CNx nanostructures domelike. Top: Pris-
tine sample. Bottom: 90 s of oxygen plasma etching.
FIG. 3. AFM images of the NDs distribution: a pristine sample, b 16 s,
c 52 s, and d 90 s oxidation time.
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B. Chemical reactivity
Table I summarizes the most probable chemical constitu-
ents compatible with the XPS spectra. PC1 is the band asso-
ciated with photoelectrons involved in pure graphitic struc-
ture, i.e., aromatic CuC bonds.21 The CuN bonds are
generally associated with three principal complex groups:
first, aromatic structures containing C atoms bonded to one
N PC2, second, nonaromatic structures containing C atoms
bonded to one N and sp3 C bonded to one N PC3, and
third, aromatic or nonaromatic C atoms bonded to two N
PC4.
15,22 The PC4 band is controversial, and sometimes it is
ascribed as related to simple and double carbon-oxygen
bonds uCuOu and uCOOu located at 286.6 and
288.2 eV, respectively.23,24 Finally, a contribution associ-
ated with the energy loss photoelectrons due to collective
excitation of valence electrons, i.e., -plasmon PB1, is also
indicated. However, this structure is sometimes associated
with shake up transitions →* characteristic in aromatic
compounds.25
The band associated with the N 1s core level electrons
was deconvoluted by considering two main contributions.
One contribution is associated with N atoms bonded to C in
nonaromatic environment, terminal N, and N bridges la-
beled PN1. The second contribution is associated with N
FIG. 7. Separation distance between the two components obtained by de-
convoluting the histogram from Fig. 6 as a function of the oxidation irra-
diation time. The dash line is a guide for the eyes. Inset: Deconvolution of
the pristine sample.
FIG. 4. Atomic content of the topmost sample layer as a function of the
oxidation time studied by XPS. Filled symbols: Before annealing. Open
Symbols: After annealing. The analyzed elements are indicated in the plot.
Symbols corresponding to N are overlapping. The dash lines are guides for
the eyes.
FIG. 5. a–c Spectral band associated with the C 1s, N 1s, and O 1s
electron core levels before and after oxygen irradiation 90 s in the oxygen-
irradiated experiments. Solid line: Pristine sample; dash line and dash-dot-
dot lines for the oxidized sample; before and after annealing process,
respectively.
FIG. 6. Distribution in nm obtained from the analysis of FEG-SEM im-
ages. a–d are the pristine, 8 s, 52 s, and 90 s oxygen irradiated samples.
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atoms in aromatic ring sites labeled PN2.
21,26–30 Finally, in
the case of the spectra associated with O 1s core level elec-
trons, the band was deconvoluted in two contributions: O
atoms associated with C in double and single bonds, labeled
PO1 and PO2, respectively. Due to the low N concentration
3 at. %  in the domes, NuO contributions were ex-
cluded.
The relative evolution of the different ratio band contri-
butions to the XPS spectra is particularly enlightening in
understanding the oxygen etching mechanism. This is so be-
cause the energy shifting of the BEs associated with different
core level electrons’ contributions to the spectra are inti-
mately associated with the components’ chemical environ-
ments. Figures 8–10 show the relative contribution evolution
associated with the bands from Table I as a function of the
irradiation time, before and after annealing the samples.
The observed PO2 /PO1 ratio decreasing on oxygen irra-
diation before sample annealing indicates that the O atoms
on the surfaces are preferentially forming C double bonds
Fig. 8, top. This is understood since, from a kinetic point of
view, it is easier to form a CvO group terminal group
PO1 than two single bonds in an arrangement of three
atomic centers PO2.
31 After the annealing process, the satu-
ration limit for O content is reduced from 16 to 6.5 at. %.
Moreover, the PO2 /PO1 ratio remains constant, suggest-
ing that terminal CvO is preferentially eliminated from the
sample surface during the annealing treatment. Moreover,
annealing induces reagreements of atoms by eliminating
volatile species such as CO and CO2. Figure 9 shows the
evolution of the PC4 /PC1 ratios as a function of oxidation
irradiation time. We point out that the observed BE shift to
higher energies see Fig. 5a of the C 1s band is related to
CuO bonds, i.e., the contribution to the spectra from PC4
species. In agreement with O 1s band evolution, the aug-
menting of the PC4 /PC1 ratio is related to C atoms doubly
bonded to O atoms CvO group. The observed constancy
of the PC4 /PC1 ratio after annealing suggests that the com-
ponents associated with OuC bonds were eliminated, i.e.,
the contributions such as pure aromatic CuC bonds and C
bonded to N do not present appreciable changes due to oxy-
gen etching. In summary, these results suggest that C atoms
are essentially oxidized as terminal carbonyl.
The analysis of the BE associated with the N 1s electron
is very important in the interpretation of the oxygen etching
mechanism. Figure 10 shows the evolution of the PN2 /PN1
TABLE I. Summary of the different contributions involved in the XPS
spectra deconvolution.
Band BE eV Chemical bonding
PC1 284.30.1 Aromatic CuC
PC2 285.20.1 Aromatic C3N structures
PC3 286.10.1 Nonaromatic C3N phase
PC4 287.40.1 Nonaromatic C2N2, uCvO, uCuOu, and
uCOOu
PB1 290.00.1 Plasmons and/or shake up
PN1 398.30.5 Nonaromatic N–sp
2C
PN2 400.40.5 N aromatic clusters and NwN
PO1 531.60.5 uCvO
PO2 533.10.5 uCuOu
FIG. 8. Evolution of the PO2 /PO1 ration as a function of the oxidation time.
The dash line is a guide for the eyes.
FIG. 9. Evolution of the PC4 /PC1 ration as a function of the oxidation time.
The dash line is a guide for the eyes.
FIG. 10. Evolution of the PN2 /PN1 ratio as a function of the oxidation time.
The dash line is a guide for the eyes
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ratios as a function of oxidation irradiation time. After an-
nealing, the content of N atoms bonded to aromatic cluster
and NwN groups decreases due to oxygen etching. We note
that the PN2 band is located at higher BE than the PN1 band
contribution. This chemical shift indicates that N atoms con-
tributing to PN2 have indeed lost electron density, i.e., their
local environment is more positive.18 Therefore, this situa-
tion increases the N chemical reactivity with O, a strong
electronegative atom, i.e., N bonded in aromatic and py-
ridinelike structures PN2 is preferentially etched by O. We
suggest, however, that O mainly destroys pyridinelike struc-
tures since N in aromatic rings is linked besides relatively
weak -bonds by stronger  bonds.
From the above analysis, the following mechanism oc-
curring during the oxygen etching is proposed. First, the O2
+
ions landing on the domes have enough energy as to disso-
ciate 10 eV in atomic oxygen. Therefore, the O atoms
form bonds with the more reactive part of the ND structure.
The existence of two types of dome sizes after this step sug-
gests a preferential site for O attachment, such as terminal
volatile carbonyl groups CO and CO2 subsequently elimi-
nated by the annealing treatment. Also, oxygen atoms pref-
erentially react with N bonded in pyridinelike structures.
V. CONCLUSIONS
The oxygen etching mechanism of grapheme nanostruc-
tures domes containing nitrogen was studied by ion beam
O2
+ irradiation. The chemical evolution of the species in-
volved in the process was analyzed by photoemission elec-
tron spectroscopy XPS. The morphological and structural
analysis of the nanostructures was studied by HRTEM, AFM,
and FEG-SEM.
The AFM images show the evolution of the nanostruc-
tures on oxygen etching. Two types of ND distribution sizes
are obtained following the original two-size nickel original
distribution of catalyzer metal used to grow the nanostruc-
tures. HRTEM images show that the graphene layers coating
the nickel particles maintain the original structure after oxi-
dation. This suggests that oxygen preferentially etches car-
bon atoms forming terminal carbonyl groups on the most
reactive parts of the material CO and CO2. Compounds
containing nitrogen atoms bonded to aromatic and pyridine
structures are etched by oxygen. We suggest, however, that
the pyridine groups are more reactive and are preferentially
eliminated than stable aromatic benzene rings. This is also
shown by the AFM images where the amorphous intervalley
amorphous material is eliminated by oxygen irradiation and
posterior annealing.
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